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Edited by Stuart FergusonAbstract Various invertebrates inhabiting hydrothermal vents
possess sulfur-oxidizing bacteria in their tissues; however, the
mechanisms by which toxic sulﬁdes are delivered to these endo-
symbionts remain unknown. Recently, detoxiﬁcation of sulﬁdes
using thiotaurine, a sulfur-containing amino acid, has been sug-
gested. In this study, we propose the involvement of a taurine
transporter in sulﬁde detoxiﬁcation in the deep-sea mussel
Bathymodiolus septemdierum by demonstrating: (i) the abun-
dance of its mRNA in the gill; (ii) its activity under a wide range
of salinities; (iii) its low Michaelis constant value in taurine
transportation; and (iv) its aﬃnity for thiotaurine and the thiota-
urine precursor, hypotaurine.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Rich communities of organisms have been discovered inhab-
iting the areas around hydrothermal vents in the deep sea, and
it has been demonstrated that the existence of these communi-
ties depends on microbial chemosynthetic production. Various
invertebrates in the vent communities, including mytilid and
vesicomyid bivalves and vestimentiferan tubeworms, possess
sulfur-oxidizing endosymbionts in their tissues [1,2]. Although
the symbiotic system may enable host animals to eﬃciently ob-
tain nutrients produced by the symbionts, it also obliges the
host to supply energetic substrates such as sulﬁde, which is
toxic to the host itself, to the symbionts in its tissues. A possi-
ble mechanism to avoid such toxicity involves the use of thi-
otaurine, a derivative of taurine that contains two sulfurs in
its molecule. This unusual amino acid has been found at high
levels in the tissues of vent and seep invertebrates, and its
involvement in the detoxiﬁcation of sulﬁde has been proposedbbreviations: GABA, c-aminobutyric acid; ROV, remortely operated
ehicle; RV, research vessel; TAUT, taurine transporter; SLC6, solute
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doi:10.1016/j.febslet.2008.03.052ieties. Pu[3–6]. However, the detailed mechanisms of the transportation
and accumulation of thiotaurine and its precursor, hypotau-
rine in the host tissues are not fully understood.
In order to transport amino acids across the plasma mem-
brane, a speciﬁc transporter is necessary [7]. The transporter
for taurine is the taurine transporter (TAUT), a member of
the solute career 6 (SLC6) family of transporters [8]. TAUT
has been identiﬁed in vertebrates and bivalves and its ability
to transport b-alanine, c-aminobutyric acid (GABA), and
hypotaurine, in addition to taurine, has been demonstrated
[9–13]. Considering the relatively broad speciﬁcity of TAUT,
it is probable that this transporter also has an aﬃnity for thiota-
urine and plays important roles in the detoxiﬁcation and trans-
portation of sulfur in the tissues of vent animals. In this study,
we cloned a cDNA encoding TAUT from the deep-sea mussel,
Bathymodiolus septemdierum, which inhabits hydrothermal
vents and possesses sulfur-oxidizing symbionts within its gill
[14]. We predicted the structure of the TAUT and also exam-
ined the tissue-speciﬁcity of its gene expression. In addition,
the cDNA was expressed in frog oocytes and the functional
properties, including dependence on sodium and chloride, opti-
mum NaCl concentration, Michaelis constant (Km), and the
aﬃnity for hypotaurine and thiotaurine, were examined. Based
on the data obtained, we discuss the role and origin of the vent
mussel TAUT.2. Materials and methods
2.1. Sample collection
B. septemdierum were obtained using the remotely operated vehicle
(ROV) Hyper-Dolphin, operated by the research vessel (RV) Natsushi-
ma (Research cruise NT05-06; June 2004) of the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC), at a hydrother-
mal vent in Myojin Knoll at a depth of 1300 m. Species identiﬁcation
by morphology was conﬁrmed by the mitochondrial COI sequence
[15]. Specimens were dissected, frozen, and stored at 80 C until use.
2.2. cDNA cloning
Total RNA was extracted from tissues using ISOGEN (Nippon
Gene, Toyama, Japan). From 2 lg of gill total RNA, a double-
stranded cDNA pool was synthesized using a SMART cDNA Library
Construction Kit (Clontech, Palo Alto, CA). The partial coding
region was obtained by 35 cycles of polymerase chain reaction
(PCR) ampliﬁcation under the following conditions: 30 s at 94 C,
30 s at 50 C, and 120 s at 72 C, using the degenerate primers F2-1
(ATGYATHTGGAARGGNATHAAR) and R1-1 0 (ACCAICCIAC-
NCCDATNGCCCA) and ExTaq (Takara, Otsu, Japan). Theblished by Elsevier B.V. All rights reserved.
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(AATCCTCCGGAAAGGTCATGT) and CDSIII (supplied with the
kit), followed by PCR using BsTAUT-S4 (TTAGCAAACAGC-
ATGGAATACG) and CDSIII under the same conditions. The
upstream sequence was obtained using BsTAUT-A1 (CCAATG-
TGACTCCTCTGATCAAT) and a degenerate primer, F1-1 0 (GTIG-
GICTIGGNAAYGTNTGG), under the same conditions as described
for the initial PCR. The 5 0-end was then obtained using a Gene Racer
Kit (Invitrogen, Carlsbad, CA) with the speciﬁc primers BsTAUT-A6
(GAACTATCTTCCAGGCACTGACTCCACCTT) and BsTAUT-
A3 (ATGAACTGCCCTAGACATACCTCC). Finally, the whole cod-
ing region was ampliﬁed from a ﬁrst strand as a continuous sequence
using BsTAUT-S5 (GATTCAATTACACCGAGATT) and BsTAUT-
A6-2 (GATAATGATGTACATATACAAATGTTAC) and Pyrobest
(Takara) for 30 thermal cycles of 10 s at 98 C, 30 s at 50 C, and
150 s at 72 C. All DNA sequences were determined using an
ABI3130 DNA sequencer (Applied Biosystems, Foster City, CA).
The transmembrane structure of the deduced peptide was predicted
using the TMHMM program [16], available at http://www.cbs.dtu.
dk/services/TMHMM/.2.3. Reverse transcription (RT)-PCR
The cDNA for RT-PCR was obtained using a Superscript II Reverse
Transcriptase 1st Strand cDNA Kit (Invitrogen) from 2 lg total RNA.
PCR with 30 cycles of 10 s at 98 C, 30 s at 50 C, and 120 s at 72 C,
was performed using ExTaq (Takara Bio) and the primers BsTAUT-
S5 and BsTAUT-A6.2.4. Functional analyses in frog oocytes
The coding region of BsTAUT cDNA was inserted into the vector
pOHE72T following digestion with BamHI and NotI. The cRNA of
BsTAUT was obtained by in vitro transcription from the linearized
vector using T7 RNA polymerase. The expression of BsTAUT inFig. 1. Structure of Bathymodiolus septemdierum taurine transporter (BsTA
that of the Mediterranean mussel Mytilus galloprovincialis (MgTAUT
transmembrane domains are shaded. Predicted N-glycosylation sites are inXenopus laevis oocytes and functional analyses were performed in
accordance with previously described methods [10], except for the
inclusion of thiotaurine in the competition experiment. Values are pre-
sented as means ± S.D. (n = 4–7). The statistical signiﬁcance of diﬀer-
ences was determined using Students t-test.3. Results
3.1. cDNA cloning of TAUT
A 2151-bp cDNA containing an open reading frame of 683
amino acid residues was obtained (accession number,
AB371309). The deduced peptide exhibited similarity to the
TAUTs of the shallow-sea mussel Mytilus galloprovincialis
(82.5%, Fig. 1), oyster (68.1%), carp (50.4%) and human
(52.2%). Based on the sequence similarity and the functional
characteristics described below, we named the peptide B. sep-
temdierum TAUT (BsTAUT). The TMHMM program pre-
dicted 12 transmembrane structures as observed in other
members of the SLC6 superfamily [8,17]. The sequence of
the second extracellular loop, between the second and third
transmembrane domains, exihibited low conservation even be-
tween BsTAUT and M. galloprovincialis TAUT. Thus, the
positions of possible glycosylation sites distributed in this do-
main diﬀered between the two Mytilid species.
3.2. Tissue speciﬁcity of expression
BsTAUT gene transcripts were detected by RT-PCR in all
the tissues examined (Fig. 2). Expression levels were higherUT) deduced from cDNA. The sequence is shown in comparison with
). Asterisks indicate the conserved amino acid residues. Putative
dicated by ‘‘+’’.
Fig. 2. Tissue-speciﬁcity of Bathymodiolus septemdierum taurine
transporter (BsTAUT) gene expression detected by reverse transcrip-
tion (RT)-PCR. Signals of ribosomal RNA are also indicated in the
lower panel. Muscle A, adductor muscle; Muscle B, byssus retractor
muscle.
Fig. 3. Characteristics of Bathymodiolus septemdierum taurine trans-
+ 
1544 K. Inoue et al. / FEBS Letters 582 (2008) 1542–1546in the gill and gonad than in the other tissues examined. The
same pattern was obtained from two diﬀerent individuals.
3.3. Function of BsTAUT expressed in frog oocytes
Oocytes injected with BsTAUT cRNA exhibited taurine
transport activity in a Na+- and Cl-containing buﬀer, and
the activity was lost when either Na+ or Cl was removed
(Fig. 3A). However, BsTAUT exhibited activity even in a buf-
fer containing 50 mM NaCl, and the maximum activity was
obtained at 100 mM or higher concentrations (Fig. 3B). The
kinetics of BsTAUT expressed in frog oocytes is shown in
Fig. 4. BsTAUT eﬃciently took up taurine at low taurine con-
centrations and an Eadie-Hofstee plot showed that the appar-
ent Km for taurine uptake was 11.29 lM (Fig. 4B). The aﬃnity
of BsTAUT for thiotaurine and other amino acids was assayed
by a competition experiment since labeled thiotaurine is not
commercially available. Taurine, hypotaurine, thiotaurine, b-
alanine, and GABA inhibited the uptake of labeled taurine;
however, a-alanine, leucine, betaine, and glycine did not
(Fig. 5).porter (BsTAUT) expressed in frog oocytes. (A) Na - and Cl -
dependence. Oocytes were injected with water containing BsTAUT
cRNA (25 ng/50 nL per oocyte, open column) or water only (solid
column) and uptake of taurine (10 lM, containing 8500 Bq/mL [3H]
taurine) added to the incubation medium was measured. The ‘‘NaCl’’
medium contains 200 mM NaCl and the ‘‘Na+-free’’ medium, 200 mM
choline chloride. The ‘‘Cl-free’’ medium contains sodium gluconate,
potassium gluconate, calcium gluconate, and Mg(NO3)2 instead of
NaCl, KCl, CaCl2, and MgCl2, respectively. Both replacements were
carried out for the ‘‘Na+-/Cl-free’’ medium. The asterisk indicates
signiﬁcant diﬀerence to Na+-/Cl-free (P < 0.05). (B) Activities at
diﬀerent concentrations of NaCl. Asterisks indicate signiﬁcant diﬀer-
ence to 0 mM NaCl (P < 0.05).4. Discussion
4.1. Conserved structure and function
In this study, we cloned the cDNA encoding TAUT from
the gill of the deep-sea mussel B. septemdierum, which contains
sulfur-oxidizing bacteria as symbionts. The deduced primary
structure exhibited similarity to the TAUTs of other animals,
and a structure typical of SLC6 family members was predicted.
The structural conservation is consistent with the result of the
expression experiment demonstrating that the basic function—
the Na+- and Cl-dependent transport of taurine (Fig. 3A)—is
conserved among bivalve and vertebrate species. We also
found that BsTAUT can function under conditions of rela-
tively low salt concentrations (50 mM NaCl, Fig. 3B),
although it is unknown whether this species is exposed to salin-
ity changes in its natural habitats. This characteristic appears
to be common among the TAUTs of bivalves, and is diﬀerent
to the TAUTs of ﬁsh [10].
4.2. Speciﬁc feature of BsTAUT
Despite the high sequence similarity, the Km value of
BsTAUT (11.29 lM, Fig. 4), is lower than those of theM. gal-
loprovincialis TAUT (41.14 lM) and the oyster TAUT
(146.7 lM) [9,10]. This result implies that BsTAUT has a high-
er aﬃnity for taurine than those of M. galloprovincialis andoyster TAUT. This diﬀerence may be due to the sequence var-
iation in the second extracellular loop.
The levels of transcript were high in the gill and gonad
although lower levels of expression were observed in all the
other tissues examined. The high level of BsTAUT expression
in the gill, where the symbionts are located, suggests the possi-
ble involvement of this transporter in symbiosis. The source of
the expression in the gonad is at present unknown. As horizon-
tal acquisition of endosymbionts has been suggested in some
Bathymodiolus species [18,19], the BsTAUT expressed in the
gonad may be derived from such a mode of acquisition.
4.3. Possible role and origin of BsTAUT
In this study, we demonstrated that BsTAUT has an aﬃnity
for each of the following: thiotaurine, hypotaurine. and taurine
Fig. 4. Kinetics of taurine uptake into frog oocytes injected with the
cRNA of Bathymodiolus septemdierum taurine transporter (BsTAUT).
Uptake of taurine at each concentration using 8500 Bq/mL [3H]
taurine was measured. The values obtained for uninjected oocytes were
subtracted from those for injected oocytes. (A) Taurine uptake under
various taurine concentrations. (B) Eadie–Hofstee plot of the data. V,
taurine uptake; S, taurine concentration.
Fig. 5. Competition analysis of Bathymodiolus septemdierum taurine
transporter expressed in frog oocytes. Taurine uptake by BsTAUT
cRNA- (solid column) and water-injected oocytes (open column) was
measured by adding 10 lM taurine containing 8500 Bq/mL [3H]
taurine with 1 mM unlabeled competitors into the incubation medium.
(–), no competitor. Asterisks indicate signiﬁcant diﬀerence to (–)
(p < 0.05).
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where endosymbionts exist, can take in both thiotaurine and
its possible precursors. The lower Km value, which enables
the deep-sea mussel to take up taurine more eﬀectively than
M. galloprovincialis and the oyster in environments with low
taurine concentration, may be advantageous for this purpose.
These data support the involvement of BsTAUT in sulﬁde
detoxiﬁcation although they are still circumstantial. To obtainmore direct evidence, we will try to clarify the localization of
BsTAUT in the gill tissue, and the changes in expression level
when the mussels are exposed to diﬀerent levels of sulﬁdes.
It has been suggested that the major function of TAUT is
osmoregulation at a cellular level, by taking up osmolytes
including taurine. This function is prominent in marine osmo-
conforming invertebrates, but is also important for vertebrates
that can regulate the body ﬂuid osmolarity at a stable level.
Thus, TAUT is conserved throughout the invertebrates and
vertebrates. Considering the high sequence similarity, it is
likely that the BsTAUT, isolated in this study, is an ortholog
of the TAUTs previously isolated from other animals, and
has been modiﬁed to adapt to a new environment and func-
tion. It has been suggested that deep-sea mussels have evolved
from shallow-sea mussels [20,21], which is also supported by
our result demonstrating that BsTAUT can function under a
wide range of salinities. We hypothesize that the ancestor of
the deep-sea mussels employed the pre-existing transporter in
order to establish a symbiotic system. This hypothesis is con-
sistent with the fact that phylogenetically distant bivalves, gas-
tropods, and vestimentiferan tubeworms have independently
evolved similar systems utilizing thiotaurine. Although at pres-
ent uncertain, the evolutionary history of TAUT will undoubt-
edly be clariﬁed by isolating TAUT genes from other vent and
seep animals as well as from their shallow-sea relatives.
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